Infection with Shiga-toxin producing Escherichia coli (STEC) may result in the development of the haemolytic-uremic syndrome (HUS), the main cause of acute renal failure in children. While O157:H7 STEC are associated with large outbreaks of HUS, it is difficult to predict whether a non-O157:H7 isolate can be pathogenic for humans. The mucosal innate 
Introduction
Shiga toxin-producing Escherichia coli (STEC) are emerging pathogens responsible for foodborne infections. Healthy rearing animals are the main STEC reservoir and human infection occurs through the ingestion of contaminated food. The presence of these bacteria in the gut can be asymptomatic or lead to diseases ranging from watery diarrhea to hemorrhagic colitis and life-threatening complications, such as hemolytic-uremic syndrome (HUS; [1, 2] ).
Human isolates from patients are also referred to enterohemorrhagic E. coli (EHEC). STEC strains belonging to the O157:H7 serotype are frequently responsible for the majority of the cases of disease worldwide and for large outbreaks, whereas non-O157:H7 serotypes are often responsible for sporadic cases. The bacterial factors associated with pathogenicity are Shigatoxin (Stx) 2 and intimin [3] . Moreover, it has been recently demonstrated that the chromosomal insertion site of Stx-encoding bacteriophage in O157:H7 bacteria might determine its virulence or transmissibility to humans [4] . Nonetheless, in LEE-negative non-O157:H7 strains, it is difficult to predict whether an isolate could represent a risk to human health.
STEC possess numerous virulence factors that allow colonization and pathogenesis.
Genes in the locus of enterocyte effacement (LEE) code for proteins implicated in the intimate adhesion of the bacteria to eukaryotic cells, i.e. intimin encoded by eae and its receptor Tir [5, 6] , and for a type III secretion system (TTSS). EspA is the main component of the pilus-like appendage, which forms the needle of the TTSS [7] . EspD protein is essential for the formation of surface appendages and is integrated in the cytoplasmic membranes of eukaryotic cells [8] . Two additional proteins, SepL and EscD, also called Pas, are involved in the translocation of Tir and secretion of Esp proteins [9, 10] . TTSS-secreted proteins interact with the host signal transduction, leading to actin polymerization and microvilli effacement [1] .
However, it is not known whether attachment/effacement is a prerequisite for the development of severe diseases, notably because LEE-negative EHEC strains are often isolated from cases of HUS [1] . Additionally, the EHEC virulence factors associated with severe human diseases are Stx1 and Stx2; these toxins are produced in the lower intestine, translocate across intestinal epithelium, and induce necrosis or apoptosis of vascular endothelial cells by inhibiting protein synthesis [11] . Stx may also modulate the innate immune response of human enterocytes [12, 13] and favor the attachment of the bacteria to the colonic epithelium [14] .
Clinical studies highlight that the host inflammatory response is induced during the course of EHEC infection and correlates with the development of HUS [15, 16] . This inflammation depends on the EHEC-induced mucosal innate immune response. Activated enterocytes synthesize chemokines and cytokines in response to pathogen-associated molecular patterns to attract and activate leukocytes to the site of infection. In fact, histological analysis of gut tissues harvested from O157:H7-infected patients has shown neutrophils infiltrating the lamina propria and crypts [17] . It has been proposed that the colonic mucosa damaged by the inflammation represents a way for Stx to cross the epithelial barrier. In vitro studies have shown that STEC strains induce the expression in intestinal epithelial cells of IL-8 and CCL20 [13, 18] , which can recruit neutrophils and dendritic cells, respectively. In this context, the ability of STEC strains to induce the host innate immune response could be a reliable marker of bacterial virulence.
Thus, studies were performed to evaluate the induction of IL-8 and CCL20 in human epithelial cells in response to STEC strains isolated from either the animal reservoir or HUS patients and belonging to O157:H7, O91:H21, O91:H10, O113:H21, or O6:H10 serotypes. In addition, we analysed the potential contribution of different bacterial factors to the stimulation of the innate immune response using mutant strains lacking the main STEC virulence factors.
Materials and methods

Bacterial strains and growth conditions
Bacterial strains used in this study are described in Table 1 [19] [20] [21] [22] . Bacteria were isolated on Luria-Bertani (LB) agar plates. One clone of each strain was grown overnight in LB broth with agitation at 37°C, then diluted (OD 600 nm ≈ 0.03) and grown for 2 h until the exponential growth phase (OD 600 nm ≈ 0.3) in DMEM (Invitrogen). Media were supplemented with ampicillin (50 μg/ml), kanamycin (50 μg/ml), and/or IPTG (see Table 2 ) when required.
For the motility experiments, LB agar was overlaid by LB soft agar. Bacterial concentration was estimated to be 5 X 10 8 bacteria per ml per OD unit at 600 nm, as calculated by plating.
Mutagenesis and complementation
The mutant and complemented STEC strains used in this study are presented in Table   2 . Deletion of the eae and fliC genes of EDL933 and of the fliC genes of CHO14, CHO13, and NV268, were obtained by allelic exchange with a kanamycin cassette using the one-step PCRbased method of Datsenko and Wanner [23] . For complementation of the mutants, the genes of interest were cloned under the control of the IPTG-inducible trc promoter in the expression vector pTrc99A.
Mutations and complementations of fliC mutants were checked by measuring the motility of the strains in soft agar ( 
Cell culture and infections
The human colon adenocarcinoma cell line T84 was maintained in 50% DMEM with glutamax, 50% Ham's F12, 10% FCS, 1% sodium pyruvate, 10 mM HEPES, 100 U/ml penicillin, and 100 μg/ml streptomycin. Of importance is that human colonic epithelial cells and T84 cells do not express the Stx receptor glycolipid globotriaosylceramide-3. Cells (5 X 10 5 per well in 1 ml) were plated on 24-well plates and cultured for 7-10 days at 37°C under 5% CO 2 . Bacteria were added to the cells at a multiplicity of infection of 10 in complete medium devoid of antibiotics for 3 h. In some experiments, cocultures were washed three times and a fresh complete medium containing 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μg/ml gentamycin was added for 21 h. Subsequently, the filtered supernatants were used for measurement of chemokine concentrations.
Analysis of chemokine induction
The expression levels of IL-8 and CCL20 mRNAs was analyzed by real-time PCR as previously described [13] . CCL20 and IL-8 concentrations were measured using the Duo Set ELISA kit (R&D Systems) according to the manufacturer's protocol. Monolayers were washed, fixed in paraformaldehyde in PBS, and permeabilized for 5 min in 0.1% saponin. Cells were stained with FITC-phalloidin (Molecular Probes Europe) that labels F-actin filaments. Cells were examined by fluorescence microscopy. The enteropathogenic E.
FAS test
coli strain E2348/69 was used as a positive control for the FAS test.
Statistics
Student's t test was used to determine significant difference between two groups.
ANOVA with the Games-Howell post hoc test was used to identify significant differences among multiple test groups; this test was two-tailed, and P = 0.05 was considered significant.
Results
Differential expression of chemokine mRNA in T84 cells infected with O157:H7 and non-O157:H7 STEC isolates
The expression of IL-8 and CCL20 genes in human intestinal epithelial T84 cells in response to O157:H7 EHEC was analyzed by real-time RT-PCR. As depicted in Fig. 1 , all the O157:H7 strains induced a significant increment in the levels of IL-8 and CCL20 mRNA when compared to cells infected with E. coli DH5α (Table 3) . Similar IL-8 and CCL20
induction levels were observed when bovine, HC, HUS, or outbreak O157:H7 isolates were used to stimulate the cells. But intriguingly, IL-8 and CCL20 mRNAs were expressed significantly less by the cells infected with the three O157:H7 strains that possess stx1 and stx2 genes, namely the strains Sakaï, EDL933 and NV95, in comparison with the three other O157:H7 isolates harboring only the gene stx2 (P = 0.015 and P = 0.026 for CCL20 and IL-8 by unpaired t test, respectively).
We also investigated the chemokine response of T84 cells infected with non-O157:H7 strains belonging to different serotypes and isolated from human clinical samples or from healthy bovines. Variable responses were observed according to the origin of the isolates or to the strain serotype ( Fig. 1 ; Table 3 ). Chemokine mRNA expression was significantly increased when compared to DH5α-infected cells when O91:H21 and O113:H21 strains, but not O91:H10 or O6:H10 strains, were used to stimulate the cells. However, in the serotype O113:H21, chemokine mRNA expression was significantly higher in cells stimulated with strains obtained from HUS patients than in cells infected with bovine isolates. Nonetheless, it
should be noted that a strong discrepancy was observed between the O113:H21 HUS strains tested; the highest levels of IL-8 and CCL20 mRNA were induced by the strain CL3, whereas the levels of mRNA induced by the strains CL15 and 87-307 were comparable to those induced by the three bovine strains. In the serotypes O91:H21 and O91:H10, for which strains of different origin were used, similar mRNA expression was observed when enterocytes were activated with bovine or HUS isolates.
Interestingly, we observed that IL-8 and CCL20 genes were more expressed in cells stimulated with strains harboring the flagellin H21 or H7 when compared to the stimulation with isolates belonging to the H10 serogroup ( Fig. 1 and Table 3 ). No significant differences were observed when the different serogroup O were compared.
These results were confirmed by the measurement of CCL20 and IL-8 concentrations in culture supernatant (Fig. 2) ; chemokine production was increased in cells stimulated with STEC O157:H7, O91:H21, or O113:H21 in comparison to control cells (data not shown), DH5α-activated T84 cells, or cells infected with O91:H10 or O6:H10 isolates (Fig. 2) .
Implication of O157:H7 LEE-encoded proteins
To evaluate the importance of the LEE in the induction of chemokine gene expression, CCL20 mRNA levels induced by the EDL933 strain were compared to those obtained after infection with the isogenic derivatives carrying in-frame deletions in the LEE genes.
CCL20 was significantly more upregulated in enterocytes co-cultured with the eae mutant strain compared to the WT strain (Fig. 3) , whereas the levels of CCL20 mRNAs in cells infected with the complemented eae mutant strain were similar to those obtained with the WT strain. Expression of CCL20 mRNA in T84 cells stimulated by the mutant strains espA -, espD -, sepL -, or escD -decreased by ~ 97, 88, 86, and 82% compared with the WT strain, respectively (Fig. 3) . Introduction in the mutant strains of the corresponding WT allele in multicopy resulted in a total, even higher, complementation of the mutant phenotype (Fig. 3 ). Moreover, this inflammatory response was not related to the capacity of the WT strains to induce attaching/effacing lesions since none of them presented a positive FAS test on T84 cells (data not shown).
Similar results were obtained when the expression of IL-8 was analyzed (data not shown).
These results indicate that the TTSS of O157:H7 EHEC, but not the intimate adherence, plays a crucial role in the induction of pro-inflammatory chemokine gene expression.
The role of flagellin in LEE positive and negative EHEC strains
The results presented in Fig. 1 underline that strains belonging to the serogroups H7 or H21
induce more CCL20 and IL-8 than STEC expressing H10. To determine whether chemokine gene expression was related to flagellin, T84 cells were infected with fliC mutants and complemented strains constructed in different serotypes. The fliC deletion in the strain CHO14, belonging to the serotype O91:H21, resulted in a ~ 60% decrease in CCL20 mRNA expression when compared to the WT strain (Fig. 4) . However, in the serotypes O91:H10, O6:H10, and O157:H7 the absence of flagellin did not result in a significant change in gene expression compared to WT strains. In T84 cells infected with complemented CHO14 ΔH21, CHO13 ΔH10, NV268 ΔH10, and EDL933 ΔH7 strains, the levels of CCL20 mRNA were Therefore, we suggest that flagellin of O91:H21 bacteria is partially responsible for the induction of chemokine gene expression in human enterocytes. In addition, H7, H10, and H21 flagellins are potent activators when synthesized in large amount.
Discussion
In this study we analyzed in this study the possible relationship between the pathogenicity of STEC strains and their capacity to induce IL-8 and CCL20 gene expression in human enterocytes. Our results indicate that there is no correlation between the origin of the isolates (bovine or HUS) and IL-8/CCL20 gene expression in the serotypes O157:H7, O91:H21, and O91:H10. In the serotype O113:H21, we found a significant difference in chemokine gene expression between the cells infected with bovine or human isolates; although this difference in induction was significant, it was probably due to the high levels of chemokine mRNA in T84 cells infected with the strain CL3. On the other hand, we determined that the induction of cell chemokine production was dependent on different bacterial factors according to the serotype of the tested strains.
Our results indicate that LEE genes of O157:H7 EHEC modulate the innate immune response of human enterocytes. The genes of this pathogenicity island are expressed in the conditions in which the bacteria were co-cultured with T84 cells, i.e. exponential growth phase in DMEM [24] ; thus it is likely that they may play a role in the activation of epithelial cells. We demonstrated for the first time that EHEC TTSS is necessary to induce the activation of T84 cells. Similarly, it has been reported that enteropathogenic E. coli lacking a functional TTSS induce lower levels of MAPK-dependent IL-8 gene expression than the parental strains [25] . However, we established that the LEE-dependent intimate attachment of the bacteria to the cell is not required to induce the production of chemokine as previously described in Caco-2 cells [26] . Together these results suggest that translocated bacterial factors are required for the initiation of the pro-inflammatory response. However, the intimin/Tir association-induced signal transduction [27] is not implicated in chemokine gene expression. Further, these molecular events may be responsible for the inhibition of the innate immune response because a significant increase of CCL20 and IL-8 mRNA expression was observed in cells infected with the eae-deficient strain in comparison with WT bacteria.
Moreover, we observed that the cells stimulated with the O157:H7 strains expressing the stx1 and stx2 genes produced fewer chemokines than the isolates only harboring stx2. We have recently shown that EHEC-derived Stx inhibits NF-κB signaling and chemokine gene expression in T84 cells [13] . Thus, we hypothesize that IL-8 and CCL20 mRNA expression were more inhibited by the strains producing both toxins in comparison with the strains that only synthesize Stx2. In support of this hypothesis, we have established that the single deletion of either the stx1 or stx2 gene in the EDL933 strain resulted in a partial increase in chemokine gene expression in T84 cells when compared to the WT strain (data not shown);
nonetheless, the higher enhancement of IL-8 and CCL20 mRNA expression was observed with the double mutant [13] . However, this observation deserves further investigations with increased number of strains.
In LEE-negative EHEC, we found that strains harboring the H21 flagellin were more potent to induce chemokine production than the H10 isolates. Accordingly, it has been reported that purified H21 flagellin induces IL-8 and MIP-2α synthesis in Hct-8 cells [28] . 
